Abstract
Introduction
Endoscopic surgery is a generic term for the surgical technique that uses small incisions and instruments, thus avoiding the large incisions necessary during traditional surgery. During an endoscopic procedure, a compact video camera and special surgical tools are guided into small surgical openings in the patient's body. Due to the small incisions, endoscopic procedures require a shorter recovery period for the patient, and produce much less postoperative pain than an equivalent traditional surgical procedure. However, endoscopic procedures also dramatically complicate the surgeon's task 19, IO, 291. Endoscopy is difficult partly because it allows for many possible mappings, or couplings, between the hands and the eyes. The video camera moves independently from the surgical instruments, which repeatedly changes the orientation of how an action looks relative to the movement that produces it. In order to remove a gallbladder endoscopically, for example, surgeons insert the video apparatus (endoscope) through the patient's navel. However, the surgical instruments are inserted through small incisions located off to one side of the navel. This off-axis camera-instrument arrangement often results in serious disruptions i n hand-eye coordination. In many cases, learning these new coordination relationships is the crux difficulty that surgical residents face as they begin endoscopic training [14] . Careful consideration of factors that facilitate or degrade performance, under conditions that require the use of unusual coordination patterns, may inform the design of an effective training intervention or simulator.
In general, the introduction of remote manipulation (teleoperation) into the workplace requires operators to learn new hand-eye coordination patterns [15, 18, 21, 291. Factors such as effecter time lags, and rotations of the hand-eye axis can severely disrupt normal hand-eye coordination 17, 15, 291. Endoscopic surgery is one example of a domain that requires such skills.
Research aimed at understanding the relationship between perceptual and motor systems has a long history. The works of Helmholtz [I61 and Stratton [27, 281 are early examples. Before computers were widely available, researchers manipulated normal coordination using eyepieces, usually prisms, that introduced different types of distortions to visual perception (for reviews, see [19, 36, 371) . Patterns of performance errors motivated hypotheses concerning the structure of hand-eye coordination. More recently, these prismatic adaptation tasks have been modified so they may be implemented on computers (e.g., [6] ).
The most general finding is that hand-eye coordination is surprisingly flexible. It adapts to almost any stable rearrangement of coordination [36, 371. Preservation of the dynamic coupling between perceptual experience and motor behavior appears to be a key factor for supporting skilled performance and coordination in these tasks [ 17, 181. This article concerns other dynamic patterns, such as hysteresis (history dependent behavior), that may appear in performance domains that require new visuomotor coordination patterns.
Conventional theories of perceptual-motor The computational, rule-based view suggests that the pattern of errors associated with a perceptual displacement task is fully determined by the amount and type of displacement introduced to the research participant (plus some random variation). The intrinsic dynamics of the coordination are thus relatively static in nature. Behavior is mediated by abstract, fixed representations or functions that transform visual space (i.e., direction and distance) into appropriate motor space representations. The relative difficulty of different coordination displacements are assumed to be independent of each other, which allows that behavioral patterns are due to the structural, rather than dynamic, properties of the coordination system [6] . Such strictly linear systems, however, are a special case of a more general class of dynamic systems. This class includes nonlinear dynamic systems that display a much greater variety of functional relationships. A demonstration of coordination behavior that falls outside of the narrow, linear, "context-free" classification would motivate context sensitive models from the broader class of nonlinear models.
It is possible to skillfully alternate between more than one hand-eye relationship [8, 11, 231 . However, basic research on adaptation to variable prismatic displacement suggests that these coordination patterns are relatively difficult to maintain (e.g., [38, 11, I) . Nevertheless, endoscopic surgeons d o perform effectively, despite the fact that they are often forced to use displacement axes that are relatively variable. The camera moves during surgery, and the displacement of the surgeons normal hand-eye axis changes as a function of these movements.
Several theoretical accounts suggest that coordination of perception and action should be sensitive to task contiguity. Moreover, in actual task domains, such as during endoscopy, perceptual-motor events are contiguous in time. They are events that covary in both space and time [12, 13. 22, 30, 31, 33, 341. The critical insight is the suggestion that coordination between perception and action is an interactive process. Coordination emerges in recurrent flow of sensory-motor patterns that are produced as the trajectory of behavior and behavioral consequences unfold in time [34] . Learning a new hand-eye coordination pattern is an iterative dynamic interplay between perception and action resulting in new stable system behavior. Consequently, we may expect to observe nonlinear, "interactive" patterns in performance. These patterns are analogous to patterns observed in the behavior of simple nonlinear (mathematical) dynamic systems-i.e., patterns such as multistahility and hysteresis, the primary topic of this investigation.
Hysteresis
Within the conventional theoretical framework, the order in which research participants receive coordination displacements is treated as a nuisance factor. Order effects are not considered theoretically interesting. They are viewed instead as sources of experimental bias or noise. However, randomly ordered displacements preclude the possibility that the coordination system is sensitive to its immediate history.
We may test whether the coordination system is sensitive to, or affected by, its immediate history, which may inform the design of endoscopic or remote manipulation training interventions. Systematic history dependent effects may produce a hysteresis pattern in coordination errors. If so, then this pattern may inform both the applied and theoretical perspectives. For example, if one were interested in explicitly training for the endoscopic environment, it may be helpful to apply an approach that capitalizes on the dynamic characteristics of the coordination system.
The term hysteresis refers to history dependent behavior. It can arise for systems that sometimes display different outputs to the same system input. Thus it refers to an input-output relation that cannot be described as a single-valued function. This pattern is indicative of multistability [24] . Whether the system displays one or the other output is contingent on the immediate history of outputs. Many physical systems display this property (e.g., forced hard spring, [ I , 5, 351) . Figure An ascending displacement manipulation required the participants to perform incrementally increasing displacements (i.e., 0". 20", 40". 60" ,... 180'). The descending manipulation required the participants to perform incrementally decreasing displacements. This experimental manipulation may approximate a control parameter because it changes the relation between vision and the resulting motor output.
Methods Participants
Thirty-two introductory psychology students participated in this experiment for course credit. All were right handed and had normal or corrected to normal vision.
Apparatus and Stimuli
A color monitor, connected to an IBM compatible computer was used for each experiment. The target stimulus was a flat, red wire frame circle (aprox. 75 mm in diameter) that appeared in the center of the display screen. A computer mouse was used as an input device to record the participant's hand movements. A series of rotational displacements was introduced to the cursor during the course of the experimental trials; they ranged from 0 degrees (no displacement) to 180 degrees (right = left, up = down), in 20 degree increments. A total of ten displacement locations were presented.
Procedure
Participants used the computer mouse to trace the circumference of the circle that was displayed on the computer monitor. A trial consisted of a single attempt to trace the target circle. Each trial began with the cursor located at the apex of the circle outline. Participants used their right hand to trace the circle in a clockwise direction and they were instructed to keep the mouse upright and in motion during the entire course of the trial. Otherwise they were told to complete their movements at a reasonable pace, comparable to the pace used when completing their first trial, which was always a 0" displacement. No time limit for completion was imposed on the participants. Occasionally a participant would become completely disoriented during trials that employed displacements larger than 80". These trials were terminated in cases where the cursor became pinned against an edge of the monitor.
Each participant was presented with two blocks of ten trials. The displacements were presented in order, corresponding to two experimental conditions. The uscending condition began with a 0" displacement and amount of displacement was progressively increased with each trial in 20" increments to 180' (i.e., 0°, 20°, 40°, 60", 80°, loo0, 120'. 140", 160", 180"). In contrast, the d e s c e n d i n g condition began with a 0" practice displacement, then a 180" displacement was presented, followed by progressively decreasing displacements (i.e., 180°, 160°, 140°, 120°, loo", 80", 60". 40". 20").
Each participant completed b o t h order conditions. To control for practice effects across the order manipulations, participants were alternately assigned to begin with either the ascending or descending conditions. This distributed simple practice effects across the displacements in a way that worked against the hypothesized direction of the hysteresis. For example, beginning the task with the ascending trial block fixed the second trial as the 20' ascending trial, however, starting with the descending trial block established the 12th trial as the 20' ascending trial. Thus, on average, the performance that generated the 20" ascending data cell resulted from seven trials of practice. Alternatively, performance that composed the 20' descending data cell benefited from 15 trials of practice (i.e., the cell was composed of trials 10 and 20). Consequently, the average number of completed trials that composed the 20' through 80' ascending data cells was less than those that formed the corresponding descending cells. Likewise, practice was biased against the 100" through 180" descending trials, such that mcending trials corresponding to these displacements had a practice advantage.
Data Acquisition and Analysis
The experimental software sampled the position of the cursor approximately 17 times per second. The data were collected using the pixel unit of display on computer monitors. One millimeter equaled three and three quarters (3.75) of these units. All data acquisition and analysis was conducted using the pixel units, any metric conversions provided here were completed as a final step to enhance the readability of this document.
The dependent variable for this experiment was root mean squared error, hereafter, simply called the error score. Essentially, this variable represented the average absolute value of the distance from the outline of the target circle during the course of each trial. The radius of the target circle was 100 pixels (37.5 mm). The raw X and Y screen coordinates were transformed according to the following formula: ([(XZ+Y2)1/2 -100]2)1/2. Where X and Y refer to the horizontal and vertical locations of the cursor on the video monitor. This transformation subtracts the radius of the target circle from the total distance between the cursor and the center of the circle. If, for example, a participant produced a trace that was always on the target, then it would always be 100 pixels from the center of the circle, and as a result produce an average error of zero pixels.
Results
The distance from the outline of the target circle for each sampling interval during the duration of a trial was averaged and employed as the dependent measure of performance for each trial.
Five participants found the large displacements (100" and up) particularly difficult. A total of 7 trials (1%) were terminated because performance was so poor that the participants were unable to finish tracing the circle. Excluding the data generated by these trials from the analysis did not change the qualitative pattern of the results. Because four of these participants began the task by completing the ascending trials, dropping these trials would bias the practice counterbalancing. Consequently, all data were included in the analysis.
In Figure 3 , average error is plotted at each level of displacement for each of the two orders of displacement. The difference between descending and ascending error at each displacement was computed for each of the participants. A series of related sample t-tests that contrasted ascending and descending performance at each displacement was conducted to test the hysteresis hypothesis. All contrasts employed a p < .05 alpha level.
Ascending performance was reliably better for the ZOO, 40" and 60" displacements (t(31) = 2.14, p < .04; t(31) = 3.1 I , p < ,004; f(31) = 3.29, p < .003, respectively). Thus, a hysteresis loop was observed between the 0' and 80" displacements. No statistically reliable performance differences were observed for the 80' and 100" displacements. Both of these displacements border the 90" displacement and it is the most difficult displacement to perform using this task. To achieve a desired movement requires that the cursor be moved at a right angle to the intended target location. Behaviorally. this is a very difficult transformation. Alternatively, descending performance was superior for the 120' and 140' displacements ( t ( 3 1 ) = -2.98, p < .006; t(31) = -2.80, p < ,009). However, no statistically reliable performance differences were observed for the 160" or 180" displacements. The 180" displacement, i n contrast to the 80' and 100" displacements, is a behaviorally simple transformation. One moves the cursor opposite the direction of the intended target. This displacement is viewed as a more difficult analog of the 0' displacement. Although the evidence for the hysteresis loop is weaker between the 180' and looo displacements, probably due to the performance variability mentioned above, qualitatively the pattern is similar to that observed for the displacements that were less that 100' .
Performance Error as a Function of Order and Level of Displacement
These results are consistent with the hysteresis pattern and display performance symmetry. Beginning with the ascending condition, performance error was conserved as the displacements incremented away from the normal coordination pattern until the 80' and 100' displacements were encountered. As the displacements continued to increase, performance was slow to recover, despite the fact that the displacements were becoming easier to perform.
The performance pattern for the descending displacements was similar. The transformation from 0" to 180" was relatively simple (compared to adjacent displacements; see [6] ). As the participants incremented away from this mapping, performance was preserved relative to ascending performance. Again, a local maximum was encountered with the looo and 80" displacements; likewise, performance was also slow to recover with respect to ascending performance under the same displacements.
Discussion
Overall, the results of this experiment were consistent with a pattern of hysteresis. On average (i.e., collapsing across the order variable), the 80 and 100 degree displacements produced maximum error. The participants performance was conserved in cases where they approached these difficult displacements from less disruptive displacements. One way to view these results is that the hysteresis pattern observed across the 180 to 100 degree displacements is a replication of the hysteresis pattern that was observed for the 0 to 80 degree displacements. Thus, better performance was not simply associated with a particular presentation order of displacements; it was contingent on the direction of ordered presentation irrespective of the absolute point of reference.
Although the practice counterbalancing was designed to .bias the experiment against the observed hysteresis pattern, fatigue effects could produce a pattern of results that are consistent with these data. However, there are reasons to suggest that the role of fatigue was small. Each participant spent less than 15 minutes to complete the entire experimental session, this included time used to receive instructions and be debriefed. In addition, another group of participants employed the circle task by first completing five practice 0 degree displacements followed by ten trials of the difficult 90 degree displacement. In each of these cases performance was better in the final 90 degree trials than in the initial 90 degree trials.
From the standpoint of actual surgical practice, these results suggest ways to help a surgeon, for example, to overcome coordination disorientation during a procedure. A surgeon could, within the constraints of the particular operational situation, draw their coordination pattern closer to a normal or familiar orientation and then increment hack to the pattern that is required to complete the specific task of interest. This behavioral strategy could be especially important for beginning surgical residents, who become disoriented rather easily. In situations where the resident has difficulty recovering from a displacement disorientation, the attending surgeon usually takes over control of the surgery, precluding further hands on training. This tends to limit the amount of time and practice that the resident receives. The suggested strategy could help break this negative feedback cycle, where poor performance results in fewer opportunities for practice.
In addition, these results suggest how we may understand variability in the dynamics of hand-eye coordination. Hysteresis is a topological pattern that is interpreted to suggest multistability [241. Apparently, an adequate description of hand-eye coordination must include information concerning prior system manipulations in addition to the current levels of manipulated variables. In other words, contextual information becomes central to the description because the coordination system seems to leverage context to produce behavior.
Conclusion
The hysteresis patterns observed here parallel in quality the hysteresis behavior of rather simple nonlinear dynamic systems. Hysteresis underscores the role of the contextual constraints in both an understanding and control of behavior. It also motivates dynamic systems theory as a general framework for understanding coordination [4, 30, 31, 33, 391. My future research will employ additional empirical and analytical tools from dynamic systems theory toward a general understanding of hand-eye coordination.
